Electron donor-acceptor molecular charge transfer complexes (CTCs) formed by -sexithiophene (6T) and tetrafluoro-tetracyano-quinodimethane (F 4 TCNQ) on a Au(111) surface are investigated by scanning tunneling microscopy, spectroscopy, and spectroscopic imaging at 6 K. New hybrid molecular orbitals are formed in the CTCs, and the highest occupied molecular orbital of the CTC is mainly located on the electron accepting F 4 TCNQ while the lowest unoccupied molecular orbital is predominantly positioned on the electron donating 6T. We observed the conductance switching of F 4 TCNQ inside CTCs, which may find potential applications in novel molecular device operations. DOI: 10.1103/PhysRevLett.100.126102 PACS numbers: 68.43.ÿh, 33.15.Bh, 68.37.Ef, 81.07.ÿb Molecular charge transfer complexes (CTCs) [1, 2] are an emerging class of materials having potential applications in molecular magnets [3] [4] [5] , nonlinear optics [6, 7] , and molecular electronics [8] [9] [10] [11] . CTCs are also used for doping organic materials as well as for energy storage applications [12 -16]. Even though a number of organic CTCs have been studied for their structure and conductivity [17, 18] , investigations of CTC formation on the molecular level have yet to be reported. Such studies can provide new insight into the charge transfer mechanisms due to the absence of bulk effects [19, 20] and ensemble averaging ubiquitous to conventional experimental techniques. Scanning tunneling microscopy (STM) and spectroscopy (STS) at low temperatures provide a unique tool to investigate properties of single molecules [21, 22] . Here we present a low temperature STM and the first molecularly resolved STS study of organic CTCs formed by the electron donor -sexithiophene (6T) and the electron acceptor tetrafluoro-tetracyano-quinodimethane (F 4 TCNQ) on a Au(111) surface. We will show here that the CTC formation can be evidenced by bias dependent STM images, as well as by the dI=dV tunneling spectra and tunneling spectromicroscopy images.
Molecular charge transfer complexes (CTCs) [1, 2] are an emerging class of materials having potential applications in molecular magnets [3] [4] [5] , nonlinear optics [6, 7] , and molecular electronics [8] [9] [10] [11] . CTCs are also used for doping organic materials as well as for energy storage applications [12 -16] . Even though a number of organic CTCs have been studied for their structure and conductivity [17, 18] , investigations of CTC formation on the molecular level have yet to be reported. Such studies can provide new insight into the charge transfer mechanisms due to the absence of bulk effects [19, 20] and ensemble averaging ubiquitous to conventional experimental techniques. Scanning tunneling microscopy (STM) and spectroscopy (STS) at low temperatures provide a unique tool to investigate properties of single molecules [21, 22] . Here we present a low temperature STM and the first molecularly resolved STS study of organic CTCs formed by the electron donor -sexithiophene (6T) and the electron acceptor tetrafluoro-tetracyano-quinodimethane (F 4 TCNQ) on a Au(111) surface. We will show here that the CTC formation can be evidenced by bias dependent STM images, as well as by the dI=dV tunneling spectra and tunneling spectromicroscopy images.
The experiments were performed with a homebuilt ultrahigh vacuum STM operated at liquid helium temperatures [23] . The Au(111) sample was cleaned by cycles of Ne -ion sputtering and annealing. The F 4 TCNQ and 6T molecules (Sigma-Aldrich, 97% purity) were deposited on Au(111) between 50 K and 300 K substrate temperatures by thermal evaporation. The sample temperature was then reduced to 6 K for the experiment. Tunneling spectroscopy data and spectromicroscopy (dI=dV) images were directly acquired using a lock-in amplifier by adding 20 mV, 725 Hz ac modulation. An electrochemically etched tungsten wire was used as the STM tip, and the tip was further prepared in situ by dipping it into the Au(111) substrate [23] . The tip quality was checked by determining the wellknown Au(111) surface state [9] prior to each spectroscopic measurement [24] .
The experimental procedure includes the following systematic steps: First, the electronic and structural properties of pure F 4 TCNQ and 6T on Au(111) were separately determined by means of STM imaging and dI=dV spectroscopy. Next, F 4 TCNQ-6T complexes were investigated by using STM imaging, dI=dV spectroscopy, and dI=dV mapping. The electronic structure changes due to the charge transfer process are then deduced by comparing the CTC data with that of the pure species. Fig. 1(d) ], and the lowest unoccupied molecular orbital (LUMO) at 0:6 V. In addition, shoulders at ca. ÿ0:22 V and 0:22 V can be discerned, which are attributed to vibrational excitations [25] .
In case of 6T on Au(111), the molecules adsorb in both straight and bent conformations (Fig. 2) [26] . The 6T molecules rarely form two-dimensional clusters on the Au(111) surface in low coverages. The dI=dV spectra measured on the center of 6T molecules show the HOMO and HOMO-1 levels at ÿ0:8 V and ÿ1:5 V, and the LUMO at 2 V, respectively, [ Fig. 2(c) ]. The splitting of the HOMO and HOMO-1 levels corresponds well to that obtained from photoemission for the weakly adsorbed 6T [27] . Both the straight and bent 6T conformations have similar HOMO and LUMO energy levels [28] and total energies [29] .
Next, the 6T-F 4 TCNQ molecular complexes are formed by depositing F 4 TCNQ on 6T predeposited Au(111) or vice versa. Figure 3 Fig. 4(b) ], most of the F 4 TCNQ locations certainly appear brighter, indicating that the F 4 TCNQs inside the CTCs provide a higher tunneling current as compared to the neighboring 6T molecules at ÿ1:5 V. This behavior is observed only in the densely packed clusters as shown in Fig. 4 , where the two types of molecules appear in close contact with each other.
In order to gain insight into the charge transfer mechanism of 6T-F 4 TCNQ complexes, dI=dV spectra of F 4 TCNQ and 6T were measured on molecules inside the complexes. Since the two molecular species are positioned with different arrangements inside the clusters, several parameters, such as position, orientation, conformation, and distance between the molecules can influence the charge transfer process. Moreover, competing charge transfer processes might occur between F 4 TCNQ chemisorbed on Au and F 4 TCNQ in a CTC with 6T. Ultimately, we cannot exclude a ternary CTC formation involving Au, F 4 TCNQ, and 6T. In this case, the charge transfer should involve the F 4 TCNQ-Au(111) hybridized states. In order to get consistent results, an alternative approach was used: Only the centers of the bright spots are chosen as F 4 TCNQ positions for the dI=dV measurements. For the 6T, the ones located next to the bright F 4 TCNQ are selected. This selection provides a qualitative reproduction of dI=dV data for the two species inside the complex. The average dI=dV spectra of the 6T and F 4 TCNQ inside the CTC are shown in Fig. 4 (c) together with those dI=dV curves of pure F 4 TCNQ and 6T for a comparison.
The dI=dV data of F 4 TCNQ inside the CTCs give the HOMO and HOMO-1 levels at ÿ1:2 V, and ÿ1:6 V, and the LUMO level at 2 V [Fig. 4(c) ], respectively. Here, both HOMO and HOMO-1 levels of F 4 TCNQ in the complex are 0.2 eV shifted away from the Fermi level as compared to the pure F 4 TCNQ [Fig. 4(c) ]. In contrast to the pure F 4 TCNQ on Au [ Fig. 1(d) ], we observe a clear-cut energy gap for F 4 TCNQ in contact with 6T. In case of 6T inside the CTCs, the dI=dV data show the HOMO at ÿ1:6 V, and the LUMO and LUMO 1 at 2 V, and 2:5 V, respectively. Here, the 6T LUMO level in the CTC is the same as the LUMO level of pure 6T, but the LUMO level edge in the CTC is also shifted away from the Fermi level [ Fig. 4(c) ] as compared to the pure 6T. Moreover, the HOMO of 6T in the molecular complex coincides with the HOMO-1 level of F 4 TCNQ inside the complex. The fact that the LUMO and HOMO level energies of F 4 TCNQ and 6T within a CTC are virtually the same indicates that the effective CTC-LUMO and CTC-HOMO levels are delocalized over the complex. We summarize our findings as follows: (1) Depopulation of the neutral 6T HOMO, and a lowering of F 4 TCNQ occupied orbital energies occur in the CTC as compared to the corresponding neutral molecules. (2) The F 4 TCNQ LUMO is realigned to the 6T LUMO level in the complex. (3) The hybrid CTC-HOMO is mainly located on the electron acceptor F 4 TCNQ while the CTC-LUMO is predominantly positioned on the electron donor 6T, with some contribution on F 4 TCNQ.
These findings lead us to conclude that, indeed, 6T-F 4 TCNQ charge transfer complexes are formed on the Au(111) surface, however, with a manifold of different conformations. The charge transfer between the two molecules results in a lowering of the HOMO level in the electron acceptor F 4 TCNQ, and thus, the molecule becomes negatively charged. In case of the electron donor 6T, the LUMO edge energy increases, and therefore, the 6T becomes positively charged. We can now explain the higher current intensity of F 4 TCNQ in the complex when tunneling at negative biases as being due to the formation of new HOMO levels, originating from the charge transfer process. STM imaging using biases matching these orbital energies can thus provide resonance tunneling. The highest intensities of the bright areas are mostly located at the centers of the F 4 TCNQ in the complex [ Fig. 3(b) ]. This suggests that the transfer charge strongly involves the central system of the molecule. In order to further confirm and visualize the charge transfer mechanism, the spectroscopic images (dI=dV maps) of CTCs are acquired and presented in Figs. 4(e)-4(i). Figure 4 (d) illustrates a STM image simultaneously recorded with ÿ1:5 V during the spectroscopic imaging where the bright (blue) areas provide F 4 TCNQ locations as in Fig. 4(b) . The dI=dV maps acquired at ÿ1:7 V [Fig. 4(e) ], ÿ1:5 V [Fig. 4(f) ], and ÿ1 V [Fig. 4(g) ] reveal the intensity changes of F 4 TCNQ locations based on the specific bias. For instance, the areas indicated with the white arrows provide higher intensities at ÿ1:7 V and ÿ1 V but a reduced intensity at ÿ1:5 V. This is in accordance with the HOMO-1 and HOMO levels of F 4 TCNQ inside the CTCs [Fig. 4(c) ]. The areas shown with black arrows have the highest intensities at ÿ1:5 V, but their intensities are reduced at ÿ1:7 V and ÿ1 V. The changes in dI=dV intensities might be originated by the variations in orbital energies based on the different molecular conformations and packing. At 0:8 V bias no apparent features appear in the dI=dV map [ Fig. 4 (h)] because this energy is within the CTC energy gap. At 1:5 V, faint features appear at both F 4 TCNQ and 6T locations with 6Ts providing slightly higher intensities. This can be explained by 1:5 V being located at the upward slope of the CTC-LUMO [ Fig. 4(c)] , and the dI=dV curve shows higher intensity for the 6T LUMO as compared to that of F 4 TCNQ. Thus, these spectromicroscopy images confirm the individual dI=dV spectra of CTCs shown in Fig. 4(c) . Since the curve in Fig. 4(c) is an averaged data presentation, the slight variations in orbital energies of specific CTC units can now be visualized in detail.
In summary, we report the tunneling microscopy, spectroscopy, and spectromicroscopy studies of the molecular charge transfer inside an electron donor-acceptor molecular complex, 6T-F 4 TCNQ. We also show that the intermolecular charge transfer can lead to realignment of molecular orbitals and to the formation of new hybrid HOMO and LUMO levels for the complex. Moreover, our resonance tunneling scheme allows observing conductance switching of one type of molecule inside the complex, which is not only useful to distinguish between the charge transfer species but also may find potential applications in novel molecular device operations.
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